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Fano resonance of LO-phonon-coupled excited states of Li acceptors in ZnSe
and Luttinger parameters
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Fano resonance between LO-phonon-coupled excited states of a Li acceptor and the valence-band state has
been observed in bulk ZnSe through the infrared-absorption measurements. Fét;gi& 2 state of a Li
acceptor, we found that the coupling strength of the Fano resoni(og) is 2.8 cm!, the distortion
parameterq is 1.07, and the spectral width of the coupled stBtés 16.8 cm®. It is concluded that a
significant feature of the resonance peak is due to strong hole LO-phonon coupling in ZnSe. The Luttinger
parametersy;, y,, andy; are estimated to be 6.44, 2.58, and 2.74, respecti{/8y163-18209)12443-3

Mixing of a state with the others is one of the most in- The samples we used in this study were bulk ZnSe grown
triguing appearances of quantum mechanics. A distortetly solid growth method. The typical size of the sample is
peak in the inelastic-scattering cross section of electrons withx 4x 1 mnt. The sample was placed on the cold finger
He atom was analyzed by Fano as the interference of a disttached to the liquid-He container. A Fourier-transformed
crete state with a continuufThe so-called Fano resonance infrared spectrometdAnalect; AQS20 with a Hg.Cd, _,Te
has been reported in the optical spectra of semiconductorgietector was employed to measure the infrared-absorption
For example, absorption spectra of excitons inQueveal  spectra. The resolution of the instrument was about 2" %gm
distorted line shape and have been explained by interferencghd the low resolution hinders the interference of reflection
between the discrete state of direct excitons and the corbetween the front and back surfaces of the sample.
tinuum state of indirect excitorfsFurthermore, Fano reso- Figure 1 shows infrared absorption of ZnSe at two differ-
nances have been observed in spectra of deep impurities #ht temperatures. The absorption peaks should be related to
Ge, Si, and GaA3:® In particular, Piaoet al. proposed a impurities because the peak intensity decreases with increas-
conventional method to estimate the characteristic paraning temperature. Invariance of the peak profile in regard to
eters of the resonanceAfter their method, we estimate the the exchange of samples suggests that those samples contain
parameters related to resonances observed in our experimeshly one species of impurity. Baldereschi and Lipari calcu-

Recently, we have observed infrared absorption of Li aciated the energy of a hole bound to an acceptor in a cubic
ceptors in addition to shallow donors, Cl, Al, and In in crystal'* According to their notation, the lowest energy peak
ZnSe? Only one absorption peak among more than ten peakfs assigned to the 3,,— 2P, transition of a hole bound to
was definitely assigned to theS:2P transition of a Li ac-  Lj acceptor as reported in the previous paper, where the suf-
ceptor, as reported in our previous papen comparison  fix denotes the total angular momentmwhich is the sum-
with photoluminescence experiment and theoretical workmation of the total angular momentum of a free haland
most of the peaks below the ionization energy of Li accepthe orbital angular momentum of hydrogenlike motibf?
tors have been ascribed to the optical transition from tGe 1
ground state to the excited states of a Li accepiiie peaks Photon Energy (meV)
observed in the energy range above the ionization energy o 70 80 90 100 110 120 130 140
a Li acceptor are broad and distorted. We assign the peaks t ; ' ' ; ' ' ' '
Fano resonances between the LO-phonon-coupled excite  0-80
states of a Li acceptor and the valence-band states. We foun
that energy separation between the peaks due to the fund:
mental transition and the corresponding Fano resonance ig
almost the same as the energy of LO phonon Bt goint. ‘

The structure of the valence band in ZnSe has been so fag -,
studied by magnetoreflectance, cyclotron resonance, ang
photoluminescence excitation measurem&nt$The values
of the Luttinger parameterg, , v,, andvys, which character- 0.65
ize the figure of the valence band, have not been precisely
determined until now. In particular, the anisotropy parameter 2P (T )
52(73— vo)l yv1 i_s controversial, i.e.,_ Venghaus reported the 0-60500 6(')0 7(')0 8(')0 9(')0 10'00 11'00 1200
considerable anisotropy=0.17, while Ohyameet al. ob- Wave Number (om)
served isotropic mass of the heavy hole through the angle

ZnSe #9

0.75 |1

ittan

dependence of cyclotron resonaride. this work, we deter- FIG. 1. Infrared absorption of bulk ZnSe at two different tem-
mine the Luttinger parameters and predict the mass of thperatures. Absorption intensities increase with decreasing tempera-
light hole. ture. Absorption peaks are denoted by the final states of transitions.
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ionization energy of a Li acceptor correspond to Fano reso-
FIG. 2. Infrared absorption of Li acceptors in a ZnSe samplenance, i.e., the transition to interference states between LO-
and the peak assignment. phonon-coupled excited states of a Li acceptor and the va-
. oL fnce band. We assign the peaks at 124.5 and 126.4 meV to
Tew et al. observed photoluminescence excitation spectra o S3— 2Pg(I'g)C and 1S;,— 2P (T'7)'C, respectively.

different donor-acceptor pair emission bands and selective, superscript LO denotes the LO-phonon-coupled state
luminescence in ZnSe and estlmatet_j energy sepa.ra'uon be- According to Piacet al, the line shape of Fano resonance
tween the ground state and the excited state of Li and N% calculated by the Fan(S ratio:

acceptors. Referring to their results, we assigned the ob-
served peaks in our experiment to the transition of a hole (q+e)?

bound to a Li acceptor as shown in Fig. 2. The absorption F(e,q)= . D
peak at the lowest energy is due to thes3—2P5,, transition

of a hole bound to a Li acceptor as reported in our previougjere q is a dimensionless parameter that characterizes the
paper® The excited state of Rs, is split into two levels, agmixture of the valence-band state and the compound state,

2P5(I's) and 2Pg/(I'7), by a crystal field with cubic sym- j e  the LO-phonon-coupled excited state. The dimensionless
metry. They are more intensive than in the case of acceptokgriablee is defined by

in Ge!® We assume that the strong twin peaks around 90
meV are due to $;,—2P55(I'g) and 1S5,—2P5(175). hv—[Eppt+hveytf(hv)]
We estimate the Luttinger parameteys, 7y,, and ys €= ir .
from the peak positions of the 2, twin peaks and the 2
cyclotron mass 1.0#, of the heavy hole in the direction of Here,h» andhuv,, are the energies of incident photons and
[111] observed by Ohyamat al’” We did not refer to the  gptical phonons, respectively, afiy, is the energy of the
peak position of B3,—2P3, because the Ry, state is  pound holef(hv) is a measure of the strength of the cou-
somewhat suffered from central-cell correction due to finitepjing between the compound state and the resonance
probability on the impurity coré! The obtained values of yalence-band statd! is the spectral width of the compound
Luttinger parametersy, , y,, andy; are 6.44, 2.58, and 2.74, state. For the resonanc®g.,(I';)"°, we estimate the param-

respectively, and the effective RydbeRg is estimated to be etersf(hwp), g, andT, wheref(hy,) means the value of
30.5 meV. We used, = 8.33 as the static dielectric constant f(hv) at e=0. f(hwv), g andl are 2.8 cm?, 1.07, and

in ZnSe. We could derive the ionization energy 2.9 meV of

2

the 2P, state from the table by Baldereschi and Lipari by Photon Energy (meV)
using the Luttinger parameters and the effective Rydberg. 120 125 130 135 140 145
The ionization energies of Z,,(I'g) and 2P, provide us 0.75 T
with an energy difference between th8;L—2P5;(I"g) and r Zn1S1€K#9 2P, ,A0iPH
1S;,— 2Py, peaks. In this way, we assigned a peak at 107.3 070 L J ]
meV to the 15;,— 2P,/ as shown in Fig. 3. As a result, we § I 7 P\
could estimate the ionization energy of th8,4 ground state £ i 2Pg5(I", )LO+2PH
to be 110.2 meV. g 06t 2Psp(Iy )02 ]
c

Furthermore, several peaks have been observed at the en- & ! 2Pgp(l7)0) | 2Py,20
ergy region above the ionization energy of a Li acceptor as 0.60 [ [ 2P;,(Iy)e 2Py (I, JLO+FH ]
depicted in Fig. 4. Their broad and distorted line shapes are [2S,,,L0 2Pg,(I, )LO+PH
peculiar to Fano resonance and the peaks above the ioniza- 0.55

tion energy are replicas of fundamental ones observed below 950 1°°°WaV;O,\?3mbe: 1(82_1) 1150 1200
it. Energy difference between the original peak and the rep-
lica is about 32 meV, which is nearly equal to the energy of FIG. 4. Fano resonance between the LO-phonon-coupled ex-

LO phonon atl’ point. As a result, the peaks above the cited state of acceptor and the valence band.
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16.8 cm !, respectively. We found that(hv,) is almost —and 1S,—4S;, become 100.4 and 104.3 meV, respectively.
twice as large as the case of Zin Ge. Both absorption peaks overlap with P2,(I'g)"" and

An above-mentioned fact signifies that the coupling is2Ps(I'g) %", respectively.
rather strong as the compound states exist near the edge of Tew et al. compared their experimental results with cal-
the valence band. In fact, the ratio in the peak intensity of theulated results with Luttinger parameters obtained by
Fano resonance to the fundamental absorption increases @enghaus.® Their experimental results agree well with the
the photon energy approaches the ionization energy of thgalculated ones. However, they overestimated the anisotropy
|mpur|ty The intensity of the Fano resonance in ZnSe:Li iSparameter5 because of their different peak assignment_
much stronger than that in Ge:Znas expected from the QOhyamaet al, on the other hand, reported no anisotropy of
magnitude off (hvo). _ _ heavy-hole mas¥.We estimated the anisotropy of heavy-

In Fig. 4 we notice a relatively stronger line around 120pgje mass by using the obtained parameters, and it was found
meV. We speculatLeO that the peak is due'to the Fa_no reSQpat the heavy-hole mass along {114.1] direction is 1.04n,
nance of B,,~2S;, because the extension of t®like 54 that along thg110] direction is 0.96n,. The difference

pling between the discrete level and the continuum. As
result, it is concluded that the peak at 90.31 meV is cause
by the transition of 8;,—2S;,,. In addition, the LO-phonon
replica of the B;,—2P5, peak is observed around 103
meV, and the two-phonon replica appears around 134 me
Twin peaks around 100 meV are assigned to the phono
replica of 1S3,—2P5(I'g) and 1S;,—2Pg;(I";) peaks.
The energy of associated phonon is 6.27 meV. This phono
may be a localized one. Moreover, the two-phonon replic
denoted as 2PH and their Fano resonances have been
served. The Fano resonancesPz3(I'g)"""° and
2P¢(I'7)P"*LO reveal fine doublet structures, which might
originate in the difference in intermediate state.

The ionization energies ofSstates can be estimated from
the empirical equatiorE,.=E n~ 1" introduced by Cohen The authors would like to thank Sumitomo Electric Indus-
and Sturge? We calculated the ionization energies by thistries, Ltd. for the supply of the good quality samples. We are
equation with the ionization energy of th&g, state to be grateful to K. Fujii, H. Kobori, Y. Harada, and K. Satoh for
19.9 meV with the above equation. The energies of t8§,3 fruitful discussions. We acknowledge support from a Grant-
and 4S;;, states are 9.8 and 5.9 meV, respectively. Accordin-Aid for Scientific Research from the Ministry of Educa-
ingly, the corresponding transition energies &;4—3S;,,  tion, Science, Sports and Culture.

road linewidth of cyclotron resonance. The mass of the
ight hole in ZnSe is estimated to be 0.085 and further
experimental investigation is required to confirm the value.
Y In conclusion, we observed infrared absorption due to the
nole transition of a Li acceptor. The absorption peaks are
assigned by referring to the previous experimental and theo-
I;letical works. Fano resonances between LO-phonon-coupled
excited states of the acceptor and the valence-band state have
g:bgen observed in bulk ZnSe. The Luttinger parameigrs
v», and y; are estimated to be 6.44, 2.58, and 2.74, respec-
tively. The small anisotropy anticipated from those param-
eters is in good agreement with cyclotron resonance experi-
ment.
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